Widely well-aligned two-dimensional ZnO nanodot arrays (e.g., 40,000 nanodots of 130 nm diameter and 9 nm height over 150 Â 150 mm 2 with a period of 750 nm) have been fabricated by metalorganic chemical vapor deposition on SiO 2 /Si substrates patterned by focused ion beam (FIB). A low-magnification FIB patterning mode allowed the periodical nanopatterning of the substrates over a large area in a short time. Cathodoluminescence and photoluminescence were apparently observed from the ZnO nanodots. [DOI: 10.1143/JJAP.43.L652] KEYWORDS: ZnO, nanodot, two-dimensional array, artificial nanostructure, FIB Although a self-assembly technique has introduced the novel fabrication of nanodot structures, it has been an agelong unresolved subject concerning how and where to assemble the nanostructures. Recently, in the fabrication of zinc oxide (ZnO) nanodots, we demonstrated a novel technique in which the position and size of nanodots can be controlled by nanolines patterned on SiO 2 substrates by focused ion beam (FIB) patterning.
Although a self-assembly technique has introduced the novel fabrication of nanodot structures, it has been an agelong unresolved subject concerning how and where to assemble the nanostructures. Recently, in the fabrication of zinc oxide (ZnO) nanodots, we demonstrated a novel technique in which the position and size of nanodots can be controlled by nanolines patterned on SiO 2 substrates by focused ion beam (FIB) patterning. 1, 2) The FIB patterning allows maskless nanopatterning and nanoscale etching control in depth direction, which are the prominent advantages of this technique and make it easy to fabricate novel semiconductor nanostuctures. [3] [4] [5] [6] This achievement is followed, in this letter, by the artificial control of the position of a nanodot with a nanohole formed on the SiO 2 substrate, and then by the successful formation of periodical two-dimensional ZnO nanodot array over a wide area.
We have paid attention to the fact that under the line scan mode of the FIB system, the ion beam actually is not scanned continuously but moves step-by-step digitally with a certain separation d ¼ L=n, where L is the scan length and n is set by the system as, for example, n ¼ 100{500. Therefore, if the FIB system is programmed under a lowmagnification mode to scan the ion beam within 100 Â 100 mm 2 , the beam actually irradiates 40,000 points with the separation of 500 nm in the case of n ¼ 200. This characteristic has ever received attention from several authors and the patterning of thousands of hole arrays on polymethyl methacrylate (PMMA) has been demonstrated. [7] [8] [9] By using this technique for the nanopatterning of SiO 2 substrates, the successive growth of ZnO may lead to the fabrication of the two-dimensional nanodot array over a wide area, which is promising for, for example, nanophotonic applications, such as near-field optical transmission or photonic components.
The SiO 2 substrate was prepared by thermal oxidation of a Si (111) substrate. The thickness of SiO 2 was 50 nm. This sample was then immediately transferred into the FIB system (SEIKO SMI-2050), and two-dimensional nanopatterned hole arrays were formed on the SiO 2 surface with a 30 keV gallium ion (Ga þ ) beam with a beam current of 200 pA.
Dynamic force microscope (DFM, SEIKO SPA-400) images of the two-dimensional nanohole array formed on SiO 2 according to the previous manner are shown in Fig. 1 .
As seen in Fig. 1(a) , about 2,500 nanoholes were formed over an area of 37:5 Â 37:5 mm 2 with a period of 750 nm under a total scanning time of less than 1 min. By writing repeatedly 16 (4 Â 4) patterns of this array, 40,000 nanoholes were formed in an area of 150 Â 150 mm 2 . On the other hand, by patterning at a higher magnification mode with the proper beam condition it was possible to decrease the period of the nanoholes as shown in Fig. 1(b) , exhibiting nanohole array with a period of 190 nm.
Thereafter, ZnO nanodots were grown on the nanopatterned SiO 2 /Si substrate by metalorganic chemical vapor deposition (MOCVD) using diethyl zinc (DEZn) and nitrous oxide (N 2 O) gas as zinc (Zn) and oxygen (O) sources, respectively.
1,2,10,11) The growth temperature was varied from 500 to 700 C with an interval of 50 C. The typical flow rates of DEZn and N 2 O were 1 and 7000 mmol/min, respectively. The total pressure of the reactor was fixed at 200 Torr.
The DFM images of the nanodots formed on nanopatterned SiO 2 /Si shown in Figs diameter and height of each nanodot were found to be about 130 nm and 9 nm, respectively, for Fig. 1(c) , and 50 nm and 5 nm, respectively, for Fig. 1 
(d).
It should be noted that the growth temperature is an important parameter to selectively accomodate a nanodot in a nanohole one by one. Figure 2 shows the DFM images of ZnO nanodots grown at various growth temperatures. At the growth temperature of 500 C, ZnO nanodots were grown not only in the nanoholes, but also on the flat areas (on unpatterned SiO 2 ) between the holes as shown in Fig. 2(a) . As the growth temperature increased, the density of ZnO nanodots on the flat areas decreased. At temperatures higher than 650 C, as shown in Fig. 2(d) , no ZnO precipitates are nucleated in the flat areas and ZnO nanodots are formed only in the nanopatterned holes, that is, the selective growth of ZnO nanodots was accomplished. The decrease in ZnO precipitates by increasing the growth temperature can be attributed to enhanced evaporation and/or reduced nucleation of ZnO on the flat area at high growth temperatures.
Then, the structure of nanodots grown at 650 C was characterized by energy-dispersive X-ray spectroscopy (EDS) with the system equipped with a field-effect scanning electron microscope (FE-SEM, JEOL JSM-6500F). In the EDS data, Zn and O atoms were evidently detected in the nanodots. Figures 3(a) and 3(b) show the secondary electron image (SEI) and the compositional image obtained by backscattered electrons (BEI-COMPO), respectively, taken using a FE-SEM (JEOL JSM-7400). The enhanced contrast of the nanodots is observed in the BEI-COMPO (Fig. 3(b) ). These experiments consistently show that the nanoholes formed by FIB are filled with ZnO nanodots. Furthermore, Zn and O atoms were not detected on the flat areas (on unpatterned SiO 2 ), suggesting that there is no wetting layer in the samples. That is, the formation of ZnO nanodots followed the Volmer-Weber-like nucleation.
The optical properties of the nanodots were characterized by cathodoluminescence (CL) measurement at room temperature with a system equipped with a FE-SEM (JEOL JSM-6500F). An example of the CL spectrum is shown in Fig. 4 . The CL can well be attributed to the emission from a single dot, but it was so weak and so broad in energy that the CL mapping could not be conducted at present.
Then, the micro-photoluminescence (PL) measurements were performed with a fluorescent microscope (NIKON, Y-FL) using a 325 nm line of a He-Cd laser (20 mW) as an excitation source. The sample temperatures were changed from 4.2 to 300 K in a cryostat. The diameter of the focused laser spot on the sample was approximately 7.5 mm, so approximately 100 ZnO nanodots were excited. A series of the measured spectra is shown in Fig. 5 . At 4.2 K, the main peak at about 3.380 eV can be attributed to the ZnO nanodots. The full-width at half maximum (FWHM) was 80 meV. It may be wide as a PL spectrum from nanodots, so it is probably because of the effects of gallium (Ga) impurities implanted into the SiO 2 substrate and incorporated into the nanodots. Assuming that the PL spectrum is dominated by excitons bound to Ga donors, the peak energy is apparently blue-shifted compared with the donor-bound exciton emission peak at 3.36 eV 12) observed for a Ga-doped ZnO thin film at a low temperature (10 K). The peak energy, 3.380 eV, is also higher than that of free exciton emission, 3.371-3.377 eV, [13] [14] [15] generally observed at a low temperature for ZnO thin films. According to the simple calculation based on the Kronig-Penny model using the dimensions of the nanodots grown here (average diameter of 130 nm and height of 9 nm), the quantum confinement is expected in the direction perpendicular to the substrate. Therefore, it is reasonable to conclude that the PL spectrum from nanodots is blue-shifted due to the quantum size effect.
At the same time, considering the possibility of Ga doping into the nanodots, the Burstein-Moss effect 16) can be the other origin for the blue shift of the PL spectrum if the Ga concentration is unintentionally high, for example, higher than 10
19 cm À3 . 17) Since the actual Ga concentration in the ZnO nanodots has not been revealed yet, the origin of the blue shift cannot be identified at the present stage.
Regarding the temperature dependence, the band edge PL peak energy hardly shifted as the temperature increased to about 80 K, in contrast to 10-15-meV red-shift in the case of ZnO thin films reflecting the variation of band gap energy according to the temperature. 13, 15) It then shifted apparently to a longer wavelength at temperatures higher than 100 K. A similar phenomenon of the anomalous temperature dependence of the PL peak has been observed so far in the S-K quantum dots. 18) However, without a definite understanding of the origin of the luminescence, the reason for the anomalous temperature dependence cannot be further discussed. In any case, it can be said that the luminescence is apparently attributed to the ZnO nanodots.
It is very important to discuss why a nanodot is selectively formed on a nanohole patterned by FIB. One of the plausible possibilities is that Ga implanted in SiO 2 as a result of forming nanoholes by the FIB etching acts as a nucleation and reaction center of zinc adatoms with oxygen. The contribution of Ga is suggested from the fact that if the nanoholes are formed by other technique such that Ga does not remain in the nanohole area, no selective formation of ZnO nanodots in the nanoholes on SiO 2 are observed. However, we have not come to the stage where we can firmly discuss the selective formation mechanism of nanodots, and therefore a more detailed investigation together with detailed characterization of nanodots are necessary in a future study.
In summary, we reported the successful formation of widely well-aligned two-dimensional ZnO nanodot arrays by MOCVD on FIB-patterned SiO 2 /Si substrates. The lowmagnification scanning of FIB allowed the precise and longrange periodical patterning in a short time, and this can be developed into a promising and key technique for artificial assembly of nanostructures.
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